In order to sustainably support its ever-increasing energy demand, the human society will have to harvest renewable energy wherever and whenever possible. When converting light to electricity, silicon solar cells are the technology of choice to harvest direct sunlight due to their high performance and continuously dropping price. For diffused light and indoor applications, however, silicon is not the material of choice. To power the next gizmo in your smart home, dye-sensitized solar cells (DSCs) are a viable alternative. Made from inexpensive, earth-abundant, and non-toxic materials, DSCs perform best at low light intensity. So far, issues such as leakage of the liquid electrolyte and its corrosive nature have limited the commercialization of this technology. To overcome these limitations, solid-state DSCs (ssDSCs) -in which the liquid electrolyte is replaced by a solid material -have been developed. For many years their efficiencies have been poor, preventing them from being widely employed. In the past six years, however, research efforts have led them to rival with their liquid counterparts. Here, we will review recent advancements in the field of ssDSCs. Every device component will be acknowledged, from metal oxides and new dyes to novel hole transporters, dopants, counter-electrodes and device architectures. After reviewing materials, long-term stability of devices will be addressed, finally giving an insight into the future that awaits this exciting technology.
Introduction
Our modern society is not the first to face an energy crisis. 1 Already the ancient Greeks have faced a shortage of charcoal made from trees, after they stripped their land from the forests, resulting in wide-area erosion. Socrates described that the crisis was diverted by smart city planning, so that every household was able to take advantage of the sun. 2 Certainly, the technologies for harnessing sunlight have evolved and photovoltaics have become a major focus in today's politics and research. [3] [4] [5] [6] [7] successful device by Bell Labs. 9, 10 The most known type of solar cells are semiconductor devices made from silicon. In these solar cells, charges are generated and separated in a p-n junction of the semiconductor. With silicon being the dominant material used in photovoltaic solar power technology, there are also a handful of competitive thin-film technologies, which are easier to realize, but rely on more expensive and toxic raw materials. Research has branched out to alternative materials for use in solar cells in laboratories around the world.
In 1966 Gerischer introduced a very different concept to the p-n junction, the approach of a photochemical cell (PEC), with a dye sensitizer bound to a metal oxide semiconductor (ZnO) and a liquid electrolyte between the anode and cathode. 11, 12 Only in 1991 did O'Regan and Grätzel show that the implementation of a mesoporous network of metal oxides resulted in efficient PCEs, and the concept of dye sensitized solar cells was made known. 13 Unlike other solar cell technologies, here the dyes are responsible for light absorption, charge separation and injection of charge carriers into the semiconductor, which only plays the role of the electron transport layer. The redox electrolyte is responsible for regeneration of the oxidized dye and charge transport between the electrodes. [14] [15] [16] Until now, efficiencies of more than 14% have been realized under full sun illumination. [17] [18] [19] The DSCs promise to be made of cost efficient materials by sustainable production techniques. [20] [21] [22] Currently the cost efficiency is becoming less relevant due to the tremendous drop in prices of silicon based systems. 17, 23 Further issues regarding the use of corrosive, toxic, flammable and volatile liquid electrolytes are still being investigated and settled. [24] [25] [26] [27] [28] [29] The more difficult task of sealing liquid junctions in DSCs in comparison to silicon panels, for which production has long been industrialized, is one of the major limitations for module fabrication. 30, 31 Solid state dyesensitized solar cells overcome this limitation with the replacement of the liquid electrolyte by solid charge transport materials. 24, [32] [33] [34] [35] It was only in 1988 that Tennakone reported for the first time a solid-state dye-sensitized heterojunction between TiO 2 and CuSCN. [36] [37] [38] [39] However, dye-sensitized photocurrents were still low due to the nonporous structure of the junction. Since then, alternative approaches have been undertaken to form solid-state dye-sensitized junctions, employing either wide bandgap semiconductors or organic semiconductors. The general idea remained: in solid-state dye sensitized solar cells, the liquid redox electrolyte is replaced by a solid-state hole transporting material or a polymer electrolyte. 24, [40] [41] [42] Until recently, a reduction in the performance of ssDSCs in comparison to their liquid counterparts was observed and was the consequence of poor pore filling, [43] [44] [45] [46] [47] [48] electron recombination at the semiconductor interface [49] [50] [51] [52] [53] and the lower conductivity 54, 55 of the commonly used hole transport and polymer electrolyte materials. 24, 33 The objective of this review is to give a broad overview of the use of the various types of charge transporting materials and the recent progress made in the field of ssDSCs. The review also highlights the performance of several ssDSCs utilizing new organic and small molecule hole transport materials.
Operation principles and structure

Device structure
The traditional ssDSCs (Fig. 1a) consist of two main electrodes, the photoelectrode or working electrode and the counter electrode (CE). The working electrode (WE) consists of nanoporous metal oxide deposited onto a fluorine doped tin oxide (FTO) coated glass substrate. Usually a blocking layer is deposited on top of the FTO layer to avoid direct contact with the hole transporting material (HTM). The commonly used blocking layer is a compact layer of sintered TiO 2 and is usually optimized with respect to the HTL. 15, 56 The most commonly used semiconductor metal oxide is mesoporous anatase TiO 2 with a particle size of around 20-30 nm. The high surface area of nanostructured TiO 2 is a prerequisite to absorb a large amount of sensitizer on the extended surface area, as seen in the exemplary cross-section SEM picture in Fig. 1b . One of the most crucial parts of any DSC is the light absorbing sensitizer. There are a large variety of light absorbers for DSCs, which can be categorized into metalorganic complexes and organic dyes. 16, [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] A schematic representation to distinguish between DSCs and ssDSCs is given in Fig. 1c and d . The large difference in device structure in comparison to the liquid junction is certainly the use of a solid redox electrolyte or HTM, but also redundancy of a spacer and further sealing between the electrodes. In the case of liquid-electrolyte DSCs (Fig. 1c) , the charge transport between the working and counter electrodes is mediated by a redox electrolyte. In a solid-state DSC (Fig. 1d) , a solid hole transporting material infiltrates the porous metal oxide (Fig. 1b) . In ssDSCs, the mobility of the holes in the HTM is usually higher than the electron mobility in mesoporous TiO 2 . Nevertheless, it is very important to balance the thickness of the overlying HTM layer. If it is too thick, an increased series resistance arises in the solar cell. If the layer is too thin, however, pinholes could appear resulting in contact of the metal contact with the mesoporous TiO 2 film and shunting of the device. [67] [68] [69] [70] [71] The counter electrode usually consists of metal (Au, Ag) or carbon-based materials deposited by drop casting or evaporation on top of the charge transporting layer.
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Working principles
The conversion of light for power generation follows similar principles to those in photosynthesis. In Fig. 2 , the basic working steps are shown. 79 The dye sensitizer is bound via a functional group to a wideband gap n-type semiconductor, most commonly TiO 2 or ZnO. 80 , 81 The sensitizer's electron in the ground state -i.e. in the highest occupied molecular orbital (HOMO) -reaches the excited state -i.e. the lowest unoccupied molecular orbital (LUMO) -upon light absorption. In the following step, the excited-state dye injects an electron into the conduction band of the metal oxide semiconductor. This is the moment of charge separation; the electrons are in the conduction band of the semiconductor and the holes are positioned in the oxidized dye. The semiconductor is responsible for fast electron transport to the FTO (fluorine doped tin oxide) electrode by diffusion. 71 The redox electrolyte or in the case of ssDSCs a solid hole transport material facilitates the regeneration of the oxidized dye and manages the charge transport to the counter electrode. Redox electrolytes are ionic conductors in which charges are transported via diffusion (concentration controlled) and/or by migration (electric field controlled). 26, [82] [83] [84] In solid charge transport materials, the transport is electronic conduction from a solid donor species and the holes are transported to the counter electrode. [85] [86] [87] The kinetics of charge transfers upon photoexcitation (1) in a liquid-junction DSC and a ssDSC are shown in Fig. 2 . The ultrafast electron injection (2) from the excited state dye into the TiO 2 conduction band (3) is the fastest process in a dye sensitized solar cell and occurs on a timescale of femto-to picoseconds (Fig. 3) . [88] [89] [90] [91] [92] In ssDSCs, the dye is regenerated (4) from its oxidized state within a few hundred picoseconds, orders of magnitude faster than in the liquid junction cells, where dye regeneration occurs on the microsecond timescale. This fast regeneration process in solid-state DSCs is attributed to direct hole transfer (via an energy gradient) into the HOMO level of a solid-state hole transporter from the oxidized state of the dye molecule, whereas the redox reaction in a liquid-state system is diffusion limited. These extremely rapid regeneration dynamics lead to a rapid hole injection from the oxidized dye into the HTM essentially on the same time scale as the electron injection. 46, 93, 94 The redox mediator or HTM is finally regenerated by charge transfer at the counter electrode (5) . Recombinative charge transfers (drawn as red arrows) from the dye (a) and TiO 2 (b) to the redox electrolyte/HTM or from TiO 2 to the ground state of the dye impede the solar cell performance (see Section 2.4 on Limitations of ssDSCs).
Bach et al. reported 50%-hole injection within 900 ps from the oxidized N3 dye to spiro-OMeTAD. 85, [95] [96] [97] In fact, dye reduction (or hole injection to the HTM) may occur before electron injection into TiO 2 . Cappel and coworkers found that in a perylene-sensitized TiO 2 /ID176/spiro-OMeTAD system electron injection and dye regeneration were complete after 1 ps, based on the observation of the Stark effect, a spectral shift of the dye spectrum caused by the electric field between the electron in TiO 2 and the hole in the HTM. 98, 99 Remarkably, much slower (millisecond) regeneration kinetics were reported for PEDOT as a polymeric HTM. 40 , 100 Haque et al. found that a driving force of about 0.2 eV is needed for efficient (485%) dye regeneration by the HTM. 92 , 101 Freitag et al. and Grätzel and coworkers showed slower (ms) regeneration kinetics for copper coordination complexes as HTMs with a driving force of about 0.1 eV for sufficient dye regeneration. 86, 87, [102] [103] [104] Fig . 2 Schematic drawing of charge transport mechanisms in (a) a liquidjunction DSC and (b) a ssDSC. Fig. 3 Timescales of charge transfer kinetics in ssDSCs.
Characterization
A set of techniques to assess the performance of ssDSCs and their components have been developed. Thereby, the power conversion of the solar cell can be evaluated and charge transfer as well as transport processes can be monitored. Furthermore, the performance of single components of a ssDSC can be assessed. The ensuing full-device characterization techniques, I-V characteristics Incident-photon-to-current conversion efficiency (IPCE) Electron lifetime are illustrated in the first part of this section. Consequently, component-related techniques
Photoinduced absorption spectroscopy (PIA) Transient absorption spectroscopy (TAS) are introduced. 2.3.1. I-V characteristics. The performance of ssDSCs is mostly investigated with a current-voltage (I-V) scan under standard 'one sun' AM 1.5G illumination (100 mW cm À2 ). 105 The efficiency
of the solar cell can be determined as a ratio of the maximum power output P max to the incoming light power P in . This maximum power point (MPP) of the solar cell is reached when the product of J and V reaches its maximum (Fig. 4) . However, as V max and J max are not easily visible in the I-V scan, they are not commonly chosen to compare solar cell performances.
At the so-called open-circuit voltage V OC , the voltage output of the solar cell matches the applied potential and the current density vanishes (see Fig. 4 ). The photovoltage (V OC ) is determined by the potential difference between the Fermi levels of electrons in the TiO 2 film and in the hole transporting material. Similarly, the photocurrent density (J SC ) is determined based on the incident light harvest efficiency (LHE), charge injection and collection efficiencies. The short-circuit current I SC is recorded at zero potential and commonly normalized by the solar cell area to give a more comparable short-circuit current density J SC . A so-called fill factor (FF) is subsequently introduced to account for ideality of the I-V curve. This fill factor represents the ratio of the actual maximum obtainable power (P max , blue rectangle in Fig. 4) to the product of the open circuit voltage and short circuit current (V OC ÁJ SC , green rectangle).
2.3.2. Incident-photon-to-current conversion efficiency (IPCE). The spectral response of ssDSCs can be resolved with incident-photon-to-current conversion efficiency (IPCE) techniques. 106 Therefore, monochromatic light is used to probe the wavelength-specific power conversion of a solar cell. The incident-photon-to-current conversion efficiency
can be formulated as a product of the efficiencies of the required processes for photon-to-electron conversion (f inj , f reg and f cc represent efficiencies for electron injection, dye regeneration and charge collection at the electrode, respectively). An exemplary IPCE spectrum of ssDSCs and their liquid counterpart is presented in Fig. 5 . Due to faster hole extraction from the dye molecules and faster conduction in the solid HTM compared to the diffusionbased liquid electrolyte, an increase in power photon-to-current conversion efficiency is observed over the entire absorption range of the LEG4 dye.
The IPCE should, in turn, be integrated with the spectral flux distribution of sunlight F sun to match the short circuit current density
where e is the elementary charge. It should be noted at this point that common DC-IPCE spectra are often reported at lower light intensities. In the case of liquid electrolyte-based DSCs, mass transport in the redox electrolyte does not impede the photon-to-current conversion at low incident photon rates. The IPCE under full illumination is, however, likely affected by mass transport deficiencies and might thus crucially differ. 108 In ssDSCs, on the other hand, a quasi-linear relation between light intensity and photocurrent is expected. Fig. 6 . At high irradiation intensities (and hence high V OC ), a high carrier density in the TiO 2 layer increases the rate of recombination with oxidized dye molecules or the HTM. Thus, the lifetime of electrons is comparably low with respect to lower V OC .
2.3.4. Dye regeneration. Besides tracking the kinetics involving hot electrons in the TiO 2 layer, the regeneration of the (after electron injection) oxidized dye molecules plays a crucial role in the performance of a ssDSC. Photoinduced absorption spectroscopy (PIA) enables evaluation of the performance of dye regeneration by the HTM. 111 Commonly, a modulated LED is used to excite the majority of dye molecules (i.e. 'pump' the system). The absorption spectrum of the oxidized dye species is probed by a white light source (Fig. 7a ). An exemplary photoinduced absorption spectrum is shown in Fig. 8 .
The observed spectral change in absorption upon excitation usually closely matches the absorption spectrum of the oxidized dye species (blue in Fig. 8 ). In contact with an HTM, however, the dye molecules are regenerated on a nanosecond timescale. The oxidized dye molecules are 'quenched' and their absorption is no longer visible in the photoinduced absorption spectrum. As illustrated in Fig. 3 in Section 2.2, the dye regeneration is accelerated in ssDSCs compared to their liquid-electrolyte counterparts. Therefore, the average lifetime of the oxidized dye species is reduced and the characteristic absorption features of the dye vanish (Fig. 8) . Photoinduced absorption spectroscopy can furthermore be used to investigate pore filling of the hole transport material (Section 3.2) in a ssDSC, as dye molecules which are not in contact with the HTM will remain oxidized on a microsecond timescale.
Characteristic absorption bands in the oxidized dye spectrum can then be chosen to directly determine the time constants of electron transfer with transient absorption spectroscopy (TAS). 112 A schematic experimental setup is drawn in Fig. 7b .
In this technique, a sensitized semiconductor oxide is excited with a nanosecond laser pulse and the decay of the oxidized dye absorption is monitored to compare regenerative charge transfer and recombinative processes. 86, 113 An exemplary spectrum is presented in Fig. 9 . Thus, it can be determined that the oxidized Y123-species is regenerated by the Cu II/I (tmby) 2 HTM on a nano-to microsecond timescale, while the oxidized dye species prevails up to milliseconds when electrons in the TiO 2 layer recombine with the oxidized dye.
Limitations of ssDSCs
Despite continuous research and progress, the highest performing ssDSC is at 11.7%, 103 lagging behind emerging hybrid organic inorganic perovskite-based solar cells or conventional silicon-based solar cells. The optimal band gap for a sensitizer dye follows the Shockley-Queisser limit, which determines the theoretical optimum band gap of a single absorbing material to be 1.1 electron volt (eV). [114] [115] [116] This theoretical limit predicts a maximum conversion efficiency just above 30% with a band gap of 1.4 eV (at AM 1.5 solar spectrum) for a perfect absorber in an ideal solar cell. The limitations in performance of DSCs are largely determined by imperfect energy-level alignment between the individual components, as well as the underlying kinetics of the charge separation and charge-transfer processes. 15, 32, 115 It is well known that the main limitations in solid-state DSCs are with respect to (a) photocurrent, (b) potential and (c) fill factor.
(a) The photocurrent largely depends on the photoanode or the working electrode. Improving the light management will likely lead to higher photocurrent. This includes implementation of wide spectral range and high absorbing dyes as well as optimization of the semiconductor morphology with scattering layers, photonic crystals and plasmonics. 32, 117, 118 Currently, the photocurrent is further limited by relatively thin semiconductor layers, where the thickness is optimized to about 2 mm to enable sufficient porefilling and low series resistance by the HTM. This thickness is not enough to absorb and convert enough incident light to yield efficiencies above 10%. The pore-filling effect has recently been investigated, confirming that a better performing solar cell device can be obtained by increasing the amount of spiro-OMeTAD inside the pores. 46, 70, 119 (b) The limitations in potential can be overcome by lowering the driving force for dye regeneration to increase V OC . The ideal theoretical open-circuit potential (V OC ) of ssDSC is where no back flow of current exists, which in real DSCs is limited by recombination reactions, specifically between the excited dye and the HTM. The same higher rate of electron recombination also limits the device efficiency for ssDSCs based on spiroOMeTAD. Synthetic modifications of dyes and HTMs can reduce the recombination and improve V OC . 86, 87, 107 (c) The fill factor is limited by recombination processes between metal oxide and HTMs, resulting in dark currents as well as series resistance. Both influences are likely to be diminished by improving the morphology of the photoanode (blocking layers) as well as the choice and morphology of the counter electrode to ensure better contact with the HTM. 40, 120, 121 Fig . 10 shows the electron microscopy images of FTO substrates without (a) and with TiO 2 blocking layers of increasing thickness (b-d).
A commonly used titanium precursor is a diluted titanium bis-(acetoacetonato)-di-(isopropanoxylate) ethanol solution. Peng and coworkers optimized the blocking layer to about 150 nm by repetition of spray cycles. Further, the thickness of the compact layer and its surface properties can have a strong impact on the performance of the ssDSC due to the lower roughness of 10 nm in comparison to the 13 nm of the FTO substrates as a result of the smaller TiO 2 particles deposited. 40, 120, 121 3.1.2. Nanostructured metal oxide electrodes. Metal oxides, wide band gap semiconductor materials, act as electron acceptors and electronic conduction paths to facilitate diffusion of photoexcited electrons, based on the conductive electronic structure of the valence band (VB) and conduction band (CB). Nanostructured metal oxides are important semiconducting materials for renewable energy applications, including artificial photosynthesis, DSCs, and photocatalysis. Accurate adjustment of the optical and electronic properties of the photoanode can be significant for the performance of the operating devices.
O'Regan and Grätzel pioneered the introduction of nanostructured titanium dioxide (TiO 2 ) that led to DSCs in 1991, presenting a very large surface area well suited for sensitization by molecular dyes. The nanostructured electrode is crucial, as its morphology drives many physical processes that control the overall device performance: the light-harvesting properties are directly dependent on the amount of surface area available for dyes, and furthermore on the number of free charge carriers, especially electrons. The collected photocurrent is limited by the ability of photogenerated charges to flow through the nanostructured electrode.
Although several alternative metal oxide compounds have been regularly assessed, TiO 2 still demonstrates the best device efficiencies, either in liquid or in solid-state device structures. In TiO 2 , the titanium is in oxidation state IV (d 0 ). The oxide exists in several polymorphs of which two are more relevant: anatase (tetragonal) and rutile (tetragonal). The crystal structures of anatase and rutile are shown in Fig. 11 . For anatase, the band gap is 3.2 eV, slightly larger than that of rutile with 3.0 eV. This transition in the UV region results in an absorption at 390-400 nm. Rutile is the most stable bulk form of TiO 2 , but anatase is reported to have better photoactivity and is more stable in nanoparticle form. The n-type TiO 2 photoelectrode nanoparticles offer some unique properties, making them an appropriate semiconductor for DSCs. They have a low intrinsic film conductivity, the small size of the nano-crystalline particles does not support a built-in electric field, and the electrolyte diffuses through the mesoporous network between the electrodes.
The high refractive index of TiO 2 (n = 2.5 anatase) results in efficient diffused scattering of the light inside the porous photoelectrode, which significantly enhances light absorption. Most importantly, mesoporous TiO 2 films have a high internal surface area to support the monolayer of a dye sensitizer, and their conduction band edge lies slightly below the LUMO position of many dye sensitizers. 124 This enables efficient electron injection in the conduction band of semiconductors to transport the electrons through the TiO 2 film by simple diffusion towards the FTO. The capability of the TiO 2 anatase phase to absorb the solar spectrum in the range of ultraviolet or near-ultraviolet radiation can only capture about 4% of solar light. At the same time, the high dielectric constant of TiO 2 (e = 80 for anatase) provides good electrostatic shielding of the injected electrons from recombination with the oxidized dye. 125 After the deposition of mesoporous titanium dioxide, a scattering layer of larger particles is commonly deposited to reflect transmitted photons back into the active solar cell volume, as shown in Fig. 12 . 126, 127 Many configurations were explored to optimize the morphology and therefore electron transport of mesoporous TiO 2 ( Table 1) . For example, the nanostructured electrodes were further modified with TiO 2 nanotubes/rods to enhance electron transport through well-aligned pathways (see Fig. 13 ). Nonetheless, the efficiency obtained by these methods does not compete with nanoporous TiO 2 in ssDSC, because of lower dye loading originating from a loss of semi-conductor/electrolyte surface area. Steiner and Snaith templated TiO 2 into cylinders using block co-polymers. This allowed them to make oriented one-dimensional (1D) columnar structures as well as three-dimensional (3D) bicontinuous gyroid structures. The resulted ssDSCs with a 400 nm thick film sensitized with D149 (see Fig. 18 ) showed a PCE of 1.7%, 129 which was later optimized to 3.2% by Docampo et al. (see Table 3 ) employing the indoline D102 dye (see Fig. 18 ). 130 Crossland et al. developed mesoporous single crystals of anatase TiO 2 , which displayed one order of magnitude higher electron mobility at the same charge density compared to conventional mesoporous TiO 2 layers. Using mesoporous single crystal films processed at low temperatures, the corresponding ssDSCs attained efficiencies of over 3.1%. 131 Additional modification of the mesoporous TiO 2 film by an ultrathin layer of Al 2 O 3 was carried out for ssDSCs initially with inorganic hole transport materials (CuI, CUSCN) and later also with spiro-OMeTAD. Apparently, the introduction of the ALD layer of Al 2 O 3 improved voltages by slowing down the electron recombination from the TiO 2 and HTM, sacrificing the photocurrent density. 137 Optimization of the functional properties relies not only on the modulation of the shape and structure of the photoanode, but also on the application of different materials and/or composite systems, which allow a fine tuning of the electronic band structure. Nevertheless, only a few studies explored alternative materials to TiO 2 , but the search for increasing the power conversion efficiency (PCE) of ssDSC by incorporating n-type metal oxide semiconductors, such as ZnO, SnO 2 , Nb 2 O 5 , and SrTiO 3 , continues. [138] [139] [140] Considering its electronic configuration and excellent physical properties, including the high electron mobility (B100 cm 2 V À1 s
À1
) and conductivity, ZnO is considered more suitable for application in ssDSCs, if the stability issue could be addressed. 132, [141] [142] [143] In 2000 O'Regan et al. developed a method for electrodeposition of a columnar ZnO structure, which was dyesensitized followed by electrodeposition of p-type CuSCN to create a complete inner-surface electrical contact, resulting in ssDSC performance of 1.5%. 132 Plank et al. reported on ssDSCs based on ZnO nanowires grown using hydrothermal methods, h n.r. = not reported. Another way to increase solar cell efficiency through modification of the mesoporous layer is to ''dope'' TiO 2 with materials that interact with light, such as metal nanoparticles and photonic crystals. In the case of metal nanoparticles, such materials are deposited on the mesoporous TiO 2 surface and they enhance dye sensitizer absorption by acting as subwavelength antennas. Through the generation of surface plasmons, these metal nanoparticles contribute to light absorption, reflection and scattering, contributing to the generation of more electrons. 144 3.1.3. Sensitizers. The sensitizer is an essential component to absorb light in the DSC, converting the incident light into photocurrent. Its properties have considerable effect on the light harvesting efficiency and the overall power conversion efficiency. The role of the sensitizer is not only in light harvesting but also in charge injection. As for any single junction photovoltaic cell, the ideal sensitizer is an absorber that converts standard global AM 1.5 sunlight into electricity and absorbs all light below a threshold wavelength of about 920 nm. In addition, the sensitizer must also carry anchoring groups such as carboxylate or silyl to firmly adsorb onto the semiconductor oxide surface. 150, 151 The dye molecules are adsorbed onto the mesoporous TiO 2 film by simply immersing in a dye solution. In order to maximize the injection of excited electrons from the dye into the conduction band of TiO 2 , the dye molecules should be strongly bonded and uniformly coat the surface of the nanoparticle. 78, [152] [153] [154] For liquid junction dye-sensitized solar cells, high power conversion efficiencies are mostly obtained using ruthenium complexes as sensitizers, but recently a new record was set using co-sensitization of zinc porphyrin with an organic dye. Good progress is also made with pure, metal-free, organic sensitizers. While large numbers of sensitizers are being reported every year, only a few of them are routinely screened in the ssDSC configuration, leaving the overall ssDSC efficiency lagging behind that of its liquid electrolyte counterpart. The dye design plays an even greater role in the ssDSC. Not only does the dye require optimized HOMO/LUMO energy levels, but it also needs to provide high oscillator strength to be able to capture sufficient light even at thin electrode thicknesses. 57 Dye molecules also need to supply sufficient surface protection on the TiO 2 electrode to reduce interfacial recombination, have a significant dipole moment to permit for an upward shift in the TiO 2 conduction band as well as to facilitate the wetting process of the hole transporting material within the mesoporous structure. Small molecules adsorbed on the TiO 2 surface along with the dye can also affect the conduction band edge through their dipole moment. The sensitizers can be divided into inorganic-based dyes and organic dyes according to the chemical structure. Ruthenium and osmium complex sensitizers are the representative inorganic dyes and their properties have been investigated and improved systematically. 16, 57, [59] [60] [61] [62] [63] There are also many studies on purely organic dyes with good photovoltaic performance. Organic dyes are easy to synthesize, their properties can be easily tuned and they have lower cost compared with ruthenium sensitizers. 118, 153, 155 The film thickness is a critical point in our ssDSC device, therefore a high extinction coefficient dye can enhance the photocurrent and lead to higher overall efficiency with a small amount of dye. So far, organic dyes have made it possible to reach the highest power conversion efficiencies of over 11% for ssDSCs. 87, 103 In general, dye molecule design makes it possible not only to selectively change the absorption range of the dye, but also to modify the energy levels.
3.1.3.1. Metal coordination complexes. The first dyes used in DSCs were ruthenium-based dyes and therefore metal coordination complexes. These ruthenium complexes have received particular interest as photosensitizers for having advantageous characteristics such as wide absorption bands, high external quantum efficiencies, favorable energy levels and relatively long excited state lifetimes. Among several Ru complexes, Ru complexes with carboxylated bi-or poly-pyridine ligands such as N3, N719, CYC-B11, Z907 and Z910 were extensively studied (Fig. 14) . 156 Ru-based dyes are capable of yielding conversion efficiencies greater than 10%, in liquid junction DSCs. However, the Ru-dyes have low extinction yields, which is a limitation, because the ssDSCs require thinner mesoporous layers of a semiconductor for better pore filling.
In one of the first reports of efficient ssDSCs, Bach et al. used the Ru-dye N3 in combination with the organic HTM spiroOMeTAD and a PCE of 0.74% (Table 2 ) was obtained at an intensity of 9.4 mW cm À2 . 85 Later, the partially deprotonated form of N3, namely N719, was used and with careful optimization of the additive tert-butylpyridine (tBP) a certified efficiency of 2.56% was obtained for a solar cell device with an active area of 1.07 cm 2 . 97 To solve the issue of rather low photocurrents, studies with addition of coadsorbents, increasing ligand length by extension of the conjugated system, cosensitization, and the use of a near-IR absorbing dye, known as a black dye, were reported. In particular, the additive tBP plays a crucial role in the inhibition of the interfacial electron recombination. In 2005, the amphiphilic dye Z907 with hydrophobic tails was introduced in ssDSCs and a PCE of 4.0% was obtained. The enhanced photovoltaic performance of ssDSCs was attributed to the dense packing of dyes on the surface of TiO 2 as well as the hydrophobic isolating chains which block the direct contact between spiro-OMeTAD and TiO 2 .
158 Inspired by this, the effect of the hydrocarbon chain lengths on the Ru-dye was systematically investigated, and it was confirmed that the hydrophobic chains act as an insulating barrier between TiO 2 and the HTM, and can efficiently suppress the interfacial electron recombination, as demonstrated by detailed studies via transient absorption results.
Another strategy is to improve dye packing and blocking properties towards the HTM on the mesoporous surface. This was achieved by implementation of amphiphilic, heteroleptic 
Ref. ruthenium sensitizers with hydrophobic spacers. Efficiencies over 7.8% were reported with an ion-coordinating sensitizer (K51) containing triethylene oxide methyl ether (TEOME) at the 4,4-position of a 2,2-bipyridine ligand; this enables the dye to prevent the ions from reaching the semiconductor interface. 159 In the CYC-B11 dye, bithiophene groups were added, resulting in a good molar extinction coefficient (2.42 Â 10 4 M À1 cm
N3
À1
at 554 nm) and a high PCE for ssDSCs of 4.7%. 160 Alkylthiophenecontaining groups were added to the bipyridine ligand by Peng Wang and co-coworkers in order to increase the extinction coefficient of Z907, resulting in C101 with an enhanced performance of 4.5% compared to 2.9% for Z907.
161
Other issues in considering Ru-based dyes are their cost as Ru is a rare metal with high price and toxic nature. Thus, research into Ru free dyes, metal-complex porphyrin dyes, has intensified. 162, 163 Unlike ruthenium systems, the porphyrin exhibits strong absorption in the near-IR region due to an additional Q-band in the 500-700 nm region with good stability. The asymmetric porphyrin dye (YD2-o-C8, Fig. 15 ) was synthesized by introducing triarylamine as an electron donor and carboxylic acid as an acceptor. Porphyrins have been designed and synthesized based on the molecular structure of YD2-o-C8 for applications in DSCs to reach a PCE of 13% using a cobalt-based liquid-type electrolyte. 19 The LD14 was modified for the use in ssDSC by a functional group inserted into the position between the porphyrin core and the donor group; the resulting device attained a PCE of 4.1% with spiro-OMeTAD as the HTM. The performance was still lower in comparison to LD14 in liquid junction DSCs, where a PCE of 9.2% was attained. 156, 164, 165 Another modified push-pull porphyrin was designed having a benzothiadiazole (BTD) group between the porphyrin core and the acceptor anchoring group. The ssDSC achieved a PCE of 5.5%, when the porphyrin dye was co-sensitized with an organic dye. 162 Both time-resolved transient absorption spectroscopy and frequency-domain electrochemical impedance spectroscopy techniques were applied to understand charge transport and recombination kinetics with respect to their photovoltaic performances. Peng Qin et al. recently reported molecularly engineered weakly conjugated hybrid porphyrin dyes (KS and FA) as efficient sensitizers for solid-state dye-sensitized solar cells. By incorporating a quinolizino acridine and triazatruxene based unit as the secondary light-harvester as well as an electron-donating group at the meso-position of the porphyrin core efficiencies of 4.5% and 5.1% were achieved in ssDSCs ( Table 2 ). 163 3.1.3.2. Organic dyes. Sensitizer development for ssDSCs is largely focused on metal-free dyes, since higher efficiencies were recently reached in combination with hole transport materials based on metal coordination complexes. 166 Their success, especially over the ruthenium based systems, can be attributed to the following characteristics:
(1) The organic dyes show a large variety in terms of sensitizer families (indolines (D149, ID176), triphenylamines, coumarine, arylamines (Fig. 18)) . 36, 98, 99, 153, 167 The ease in their design and synthesis leads to a large variety of characteristics. (3) Organic dyes lack the precious metal part, which also makes them more cost efficient and sustainable. 17, 171 Some general principles to design an efficient organic dye and efficient ssDSCs are as follows: a donor-p-bridge-acceptor (D-p-A, D-A-p-A) structure (Fig. 16 ), which can be easily modified for extending the absorption spectra, adjusting the HOMO and LUMO levels to complete the intramolecular charge separation. 78, 118 Likely donors or the electron-rich groups include: coumarin, indoline, and triarylamine moieties. In particular, triarylamine dyes have been most efficient displaying good power conversion efficiencies in DSCs due to their electron donating ability and hole-transport properties. 172, 173 The p-bridge mostly consists of thiophene units, such as oligothiophene, thienothiophene, ethylenedioxythiophene. The favorite acceptor group is cyanoacrylic acid containing a carboxylic acid unit for binding to the metal oxide semiconductor. The electron density of the highest occupied molecular orbital (HOMO) of the dye molecule is mainly located in the donor part, whereas the density of the lowest unoccupied molecular orbital (LUMO) of the dye molecule is mostly located in the acceptor part ( Fig. 17 ).
After the photoexcitation of the dye, the electrons subsequently transfer from the donor to the acceptor through the p-bridge. By this design, the electrons and holes are spatially separated in the dye molecule after light excitation, which could favor charge injection and dye regeneration. The properties of organic dyes can be easily tuned by suitable combination of these three parts.
Although organic dyes have many advantages as sensitizers in DSCs, the efficiency of devices prepared with them has been limited mainly by two factors: first, increasing the size of the conjugated system chain in organic dyes can cause dye aggregation or p-p stacking on the TiO 2 surface due to their planar structures. Dye aggregation results in unfavorable back electron transfer and decreasing cell performance in a DSC. Second, sensitizers reported so far to give high efficiencies mostly have absorption bands below 550 nm, indicating that photons in the longer wavelength region are not absorbed efficiently. They should, however, harvest incident light in a broad spectral range to obtain a high photocurrent. Some organic dyes show a panchromatic response, but the obtained photocurrent and efficiency are not as high as expected due to their low LUMOs, which reduces injection efficiency.
The previously mentioned indoline dye D102 was also the first efficient organic sensitizer investigated for ssDSCs in 2005. It exhibits a high extinction coefficient of 55 800 M À1 cm À1 at 490 nm. A PCE of over 4% was obtained by Schmidt-Mende et al. (Table 3) . 166 Another indoline dye, D149, was used as a sensitizer in ssDSCs with CuI as the inorganic HTM, exhibiting a PCE of 4.2%. 175 Hagfeldt and coworkers investigated a perylene dye ID176 for ssDSCs. This dye showed a good absorption coefficient (25 000 M À1 cm À1 at 590 nm) as well as a broad absorption spectrum. Devices with good performance, high photocurrent of 9 mA cm À2 and PCE of 3.2% were obtained. 98 An interesting fact of this dye is that it worked well in ssDSCs but not in liquid DSCs. By detailed time-resolved absorption spectroscopy measurements it was found that (a) the dye ID176 regeneration by solid-state spiro-OMeTAD was ultrafast, and (b) lithium ions are necessary for efficient electron injection in the device. Triphenylamine (TPA) based dyes are the most successful organic dyes due to their structural versatility and high absorption coefficients. 107, [182] [183] [184] The implementation of the TPA dyes started with the work by Hagfeldt and coworkers with the D35 dye and its bulky o,p-dibutoxyphenyl groups. The D35-based devices showed a promising PCE of 4.5%, due to improved electron lifetime in the device. 153 Inclusion of a 4,4
improved the absorption spectrum of the TPA dye C220. Using such a modified dye a certified PCE of 6.1% was achieved by Cai et al. in 2011. 177 With the Y123 dye a PCE of 6.9% was achieved by Dualeh et al. in a study based on the investigation of the donor influence on the V OC of the ssDSCs. 178 Sellinger and coworkers obtained a PCE of 6.3% in ssDSCs based on dye WN3.1 with alkyl chains, which were instrumental in suppressing unwanted recombination processes. 180 The modified, donor-free MK2 dye was introduced by Abate et al. consisting of cyanoacrylic acid-functionalized oligo (3-hexylthiophene). The modification of the dye had a long-lived oxidized state and this led to increased V OC and PCE in ssDSCs. . ssDSCs with CPDT-3 and spiro-OMeTAD hole transporter resulted in devices with a PCE of 3.9%. , and spiroOMeTAD as the HTM a high PCE of 7.5% was obtained. 78 The
XY1 dye from the same study was later used in combination with a copper coordination complex based HTM (see Section 3.2.2.3 on metal complex HTMs) to record efficiencies over 11%. ). By effectively reducing the dye aggregation via adding the coadsorber chenodeoxycholic acid in the dye bath, an efficiency of 3.2% was obtained. 179 Kolemen et al. developed a series of borondipyrromethene (BODIPY)-based molecules as red and near-IR sensitizers for ssDSCs. 176 The devices with these dyes exhibited relatively low incident photon-to-current efficiency in spite of their broad absorption spectra. Further study on the kinetics of the charge transfer at the interfaces is needed to further improve their performance. It should be noted that the red or near-IR absorbing dyes provide more choices for the colors in the solar cell (such as visibly colorless) and are important to broaden the overall absorption spectrum in co-sensitized systems.
3.1.3.3. Quantum dots. Quantum dots (QDs) are inorganic nanoparticles with special electronic and optical properties due to quantum confinement of light capabilities given by their size. Orbitals and electronic behavior inside these nano-sized dots greatly vary compared to a bulk crystal of the same material. Light absorption properties are different and excited states are much longer lived, which leads to intense fluorescence upon illumination. These properties make QDs promising materials for photovoltaic applications. As it happened for the perovskite light absorber, QDs were first employed in photovoltaics as dyes in DSCs (Fig. 19) , while nowadays the best-performing devices with this technology can have a planar structure and are considered p-n junctions rather than p-i-n junctions as is the case for DSCs. [185] [186] [187] 193 The best performance obtained with this setup was 0.55%.
Charge transport materials
In DSCs, the role of the redox mediator is to transport charges between the electrodes and regeneration of the oxidized dye. It is a crucial component determining the overall performance of the solar cell. The usage of the liquid solvent and especially of organic solvents, which are usually very volatile, lead to leakage and corrosion of the solar cells and degradation of the dyes. 194 Even though considerable progress has been made in this field of research, fundamental stability considerations represent significant limitations for the commercialization of DSCs. Generally, the electrolytes used in DSCs can be categorized into: liquid, quasi-solid and solid states. 26, 195, 196 The electrolyte in a liquid junction solar cell consists of a solvent, which can be organic or aqueous, with a redox mediator such as I 3
À , copper or cobalt coordination complexes or small organic molecules. 17, 26 A significant part of the efforts made in this field has been devoted to the development of sustainable and efficient quasi-solid-state and solid-state hole transporting materials (HTMs) based on polymers, small organic and inorganic molecules. 197 The main difference between the various charge transporting materials are the charge transport characteristics. 69, 82, 198 In the case of polymer electrolytes it can be both ionic and electronic, whereas in others electronic transport is the dominant process. 24, 196 3.2.1. Polymers. Polymer electrolytes (PEs) are a result of the trapping of ionic conductors in a polymer host matrix retaining the beneficial aspects of liquid electrolytes (high ionic conductivity, diffusive transport and interfacial contact properties) in combination with the mechanical benefits such as the durability and flexibility of a polymer.
The incorporation of PEs into ssDSCs made substantial steps forward in the research and development of ssDSCs. Most of the research activities are within the field of solid-state electrochemistry, in which high ion-conducting materials are developed for the energy conversion and storage applications. In this sense, PEs are a class of materials, which have been studied extensively in the last 20 years, to achieve systems with good conductivity and electrochemical stability. Polymer-based electrolytes are usually classified into solid-state polymer electrolytes, quasi-solid state gel polymer electrolytes and their composites. 23, 24, 26, 199, 200 3.2.1.1. Solid polymer electrolytes. Peter V. Wright first showed in 1975 that poly(ethylene oxide) (PEO) can act as a host for sodium and potassium salts, thus producing a solid electrical conductor polymer/salt complex. 201 Later, Armand et al. proposed that these systems could be used with graphite intercalation compounds for electrodes and immediately realized that lithium/PEO complexes could be employed as solid electrolytes and applied in batteries. [202] [203] [204] Generally, solid polymer electrolytes (SPEs) are made from inorganic salts dispersed or dissolved in a polar polymer matrix. Most inorganic conductors consist of alkali metal salts (LiI, NaI, LiClO 4 , LiCF 3 SO 3 , LiSCN, NaSCN, NaClO 4 , LiPF 6 , etc.) in a host polymer (Fig. 20) .
The choice of polymer hosts for PEs is made based on the following characteristics: presence of groups with sufficient polarity to form strong coordinations with cations, and with low hindrance of bond rotations. Poly(ethylene oxide) (PEO) is the 196 PE-incorporating DSCs were first reported in 1999 attaining a very low IPCE of 1.3% (410 nm). The PE consisted of poly(omethoxyaniline) (PAni) as the sensitizer and a copolymer of poly(ethylene oxide-co-epichlorohydrin) (PEO-EPI), containing NaI/ I 2 , as the electrolyte (Table 4) . 209 Since then, there have been substantial research activities towards the preparation of various types of polymer electrolytes having different combinations of polymers and salts. In 2000, Nogueira et al. prepared an elastomeric polymer electrolyte again based on copolymer poly(ethylene oxide-coepichlorohydrin) complexes with sodium or lithium iodide salts. Unsealed prototype cells showed an efficiency of 1.6% (2.6% at 10 mW cm À2 ), thus demonstrating that a polymer electrolyte was an alternative as a solid-state electrolyte for ssDSCs. 196, 210, 215 Falaras and coworkers prepared a solid polymer electrolyte consisting of PEO/TiO 2 , LiI, and I 2 . In this case, TiO 2 nanoparticles were used as fillers to decrease the crystallinity leading to an increase in ionic conductivity (10 À5 S cm
À1
) and consequently an efficiency of 4.2% at 65.6 mW cm À2 illumination. 211, 216, 217 Wu et al. synthesized a polyelectrolyte based on polyvinyl pyridine and used it as a solid-state ionic conductor in ssDSCs. Based on a larger backbone cation poly(N-alkyl-4-vinylpyridine) (PNR4VPI) and a smaller anion I À , the polyelectrolyte showed low conductivity due to weak interactions between the cation and anion. The efficiency of the ssDSC reached 5.6% after the conductivity was immensely improved (6.41 Â 10 À3 S cm À1 ) by incorporation of I 2 and N-alkylpyridine iodide (NR'PI).
212,218
Li et al. introduced functionalized hydroxyethyl and ester co-functionalized imidazolium iodide (HEII) as a solid-state electrolyte and investigated the effect of substituents to the imidazolium ring on the ionic conductivity and the performance of ssDSCs. Compared to the methyl-ethyl-substituted imidazolium iodide, replacement of the methyl group with an ester group increased the ionic conductivity and the cell performance. Replacement of the ethyl group with a hydroxyethyl group further increased the ionic conductivity and cell performance significantly and the ssDSCs achieved a conversion efficiency of 7.45%. 213 Bella at room temperature. The system displayed high degree of stability and even after 250 h under thermal stress (60 1C) for stability test, the cell showed only a 6% reduction of its initial photoconversion efficiency. 214 Limitations associated with SPEs are still related to poor pore filling and ionic conduction resulting in a low dye regeneration rate and high electron recombination kinetics occurring in the solid polymer electrolyte and interfaces with dye and the metal oxide semiconductor. High wettability of sensitized TiO 2 films is also an important factor for dye regeneration, which is attributed to a 0.2 eV decrease in the highest occupied molecular orbital energy of the dye yielding an increase in the driving force for dye regeneration. This understanding may contribute to a further increase in the energy-conversion efficiency of DSCs employing solid polymer electrolytes.
3.2.1.2. Quasi-solid-state electrolytes. Gel polymer electrolytes (GPEs) used as charge transport materials provide a viable and safe alternative to liquid electrolytes. They consist of a liquid electrolyte encapsulated in a polymer framework. These quasisolid electrolytes combine the properties of a solid and a liquid. When combined, they suppress the leakage of volatile organic solvents, and have excellent pore filling properties. Despite the polymer being present for gelation, GPEs can hold large amounts of the electrolyte (tens to hundreds of times that of the polymer itself). Their excellent contacting and filling properties between the electrodes result in fast dye regeneration, while their high conductivity ensures fast charge transport to the counter electrode. Combined with their low vapor pressure as well as excellent thermal and long-term stability, they even provide the possibility for flexible and therefore wearable electronics. 24, 26, 77, [219] [220] [221] [222] Common host materials are polyacrylonitrile (PAN), PEO derivatives and conducting polymers that include polypyrrole (PPy), PAni and other polymers. As organic plasticizers, dimethyl carbonate (DMC), propylene carbonate (PC) and ethylene carbonate (EC) can be used with a wide range of polar solvents, ionic liquids (ILs), and salts. 223, 224 Other categories of GPEs are prepared by swelling the polymeric membrane in the liquid electrolyte with a redox mediator-based electrolyte solution as illustrated. By this method, the liquid electrolyte is trapped in the polymer matrix network and a stable gel is obtained. [225] [226] [227] Bella et al. conducted studies on UV-curing GPEs for quasisolid dye-sensitized solar cells (Fig. 21) .
Power conversion efficiencies of up to 4.41% (Table 5) were reported using bisphenol-A-ethoxylate dimethacrylate (BEMA) and poly(ethylene glycol)methyl ether methacrylate (PEGMA). BEMA forms a three-dimensional network and the addition of PEGMA as a copolymer influences the propagation reaction and changes the architecture of the polymeric matrix, thus affecting its properties. PEGMA was copolymerized with various bifunctional acrylate monomers which formed a three-dimensional polymer network under irradiation. The efficiency of quasi-solid DSCs ranged from 1.3% to 2.7% and was affected by the cross-link density of the membranes due to the amount of liquid electrolyte being trapped in the gel-polymer membranes. A high degree of cross-link density cannot store fair amounts of liquid electrolytes, while a low degree of cross-link density value cannot effectively trap the liquid electrolyte.
228-230
Later, a PCE of up to 4.80% was achieved by the introduction of metal-organic framework compounds (Mg-MOF) as fillers. A drastic improvement of PCE (up to 7.03%) was observed after incorporating bio-polymer organic fillers based on microfibrillated cellulose (MFC) into a 30 : 70 BEMA : PEGMA system. [229] [230] [231] [232] 236, 237 Another component for bioderived photoanodes and polymer electrodes in DSCs can be natural cellulose fibres. Simple papermaking processes using TiO 2 -laden paper foils can be applied to (conductive glass or plastic) substrates as alternatives for low temperature applications. The nanoscale microfibrillated cellulose is used as a reinforcing filler in acrylate/ methacrylate-based thermo-set polymer electrolyte membranes prepared by UV-induced free-radical photopolymerization. PCEs between 3.55% and 5.20% were achieved for laboratoryscale DSCs. 214 A PCE of 8.03% was achieved by using GPE based on poly(methyl methacrylate) (PMMA). The ionic conductivity and diffusivity of the iodine/1-butyl-3-methylimidazolium iodide (BMII) redox system were comparable to those of liquid electrolytes, and the resulting cells showed improved stability compared to traditional liquid DSCs. 233 PCEs of 6.1% were achieved by using gel electrolytes based on polyurethane as the polymer matrix prepared through UV curing of a liquid electrolyte containing an aliphatic urethane acrylate. 234 PCEs of 7.54%
were reported for devices filled with a liquid electrolyte and controlled dissolution of polystyrene nanobeads on the CE, resulting in a gel electrolyte. The PCE of these devices is comparable to that of liquid-based DSCs (7.59%). 235 3.2.2. Hole transporting materials. All charge transport materials reviewed so far, albeit solid, work on the same principles of a liquid electrolyte: they mostly rely on ion diffusion to move charges between the dye and the counter electrode. We cannot expect ion diffusion to be as fast in the solid state as it is in a liquid medium. Therefore, we cannot expect solid electrolyte-based DSCs to be as efficient as their liquid counterparts. To achieve high efficiency in ssDSCs, a different paradigm for hole transport is required. Hole transporting materials (HTMs) are homogeneous solid-state hole transporters, i.e. charges move within the material itself, rather than through salts embedded in the compound's matrix. Unlike PEs and quasi-solid gels, in HTMs holes move across the layer through inter-molecular hopping processes, rather than relying on ion diffusion. 238, 239 In this case, it is more correct to talk about electronic (or charge) diffusion. Since there is no molecular movement involved through a solid medium during charge transport, ssDSCs relying on an HTM layer have the potential to rival liquid DSCs in efficiency, while retaining the benefits of solid-state devices. Solid-state hole transporting materials introduce a new issue in the fabrication of dye-sensitized solar cells, that is pore filling of the mesoporous oxide layer. 240 This issue can manifest in different forms, depending on the kind of hole transporter employed. In the case of large molecules and macromolecules, such as polymers, their size might prevent them from correctly and fully infiltrating the deepest parts of a thick mesoporous layer. 241, 242 Even when a compound is small enough to easily enter into all the pores, the solvent removal problem remains. HTMs are in fact deposited from solution and -to form a solid-state filmthe solvent needs to be removed. The hole conductor film will have the best charge transport properties when a compact film can be formed, but the solvent needs channels and voids to escape from the mesoporous layer, eventually creating air bubbles in the HTM film. To overcome (or at least greatly mitigate) this problem, the mesoporous layer of HTM-based ssDSCs is much thinner compared to their liquid counterparts. If a hole conductor has a low melting or glass transition temperature, an alternative procedure to correctly infiltrate the compound is to melt it directly on top of the photoanode, to completely avoid the use of solvents. 243 Bach et al. pioneered work on HTM for ssDSCs in 1998, when they reported for the first time a solid-state device with the hole conductor 2,2 0 ,7,7 0 -tetrakis(N,N-di-p-methoxyphenylamine)9,9 0 -spirobifluorene (spiro-OMeTAD). 85 That first solar cell had an efficiency of only 0.74%. However, thanks to device Indeed, spiro-OMeTAD has proven to be an efficient hole conductor for solar cells. However, this material presents several drawbacks and there is a consensus on the fact that a new, efficient material will need to be found before ssDSCs become commercially viable. More in detail, spiro-OMeTAD suffers from poor conductivity and hole mobility in its pristine form, and it is not stable in the long term. 54, 245, 246 Furthermore, its synthesis is complex and involves multiple steps, which require time-and energy-consuming purification procedures, making spiro-OMeTAD much more expensive than gold.
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In the following sections, we will review compounds belonging to several categories which aim to overcome spiro-OMeTAD as the material of choice for ssDSCs together with dopants and additives, which are of paramount importance to achieve highefficiency devices.
Organic hole transporting materials.
Most of the compounds investigated as hole transporting materials for ssDSCs belong to the family of organic molecules. Thanks to organic synthesis, in fact, their number, shape, features and properties are only limited by the researcher's creativity. These compounds can be divided into two categories -small molecules and polymerseach with their strengths and weaknesses.
Small molecules enable fine tuning of energy levels, electronic properties, film-forming properties, and solubility in different solvents by combining moieties with different characteristics. Their very well-defined composition and molecular weight allow for great synthetic reproducibility, ensuring consistent properties over different batches. Furthermore, their relatively small size allows them to infiltrate the mesoporous structure of DSCs' photoanode more easily compared to polymers. However, their small size partially hinders intermolecular charge transfer and they generally suffer from poor charge conductivity, especially in their pristine form. 248, 249 Polymers allow less control over electronic properties and the polymerization steps sometimes limit the chemical composition of the monomer itself. 196 A less than perfect control over the polymerization reaction may prevent good batch-to-batch reproducibility and material properties. 250 Their big size makes it difficult for them to infiltrate the thick mesoporous dye-sensitized layer, forcing researchers to find in situ polymerization techniques to overcome this issue. On the other hand, however, their long chains ensure very fast intra-molecular charge movements and their entangled nature in the solid state provides many points of contact for inter-molecular charge hopping. The combination of these two characteristics often grants conductive polymers superior charge transport properties over small molecules. 196 3.2.2.1.1. Small molecules. The category of organic small molecules is that comprising the highest number of novel HTMs for ssDSCs. Most of the designed compounds share the triphenylamine moiety inside their structure. Triphenylamine is considered a good hole acceptor (electron donor) thanks to the nitrogen's lone electron pair and the presence of three phenyl rings that contribute to the delocalization of the resulting charge, stabilizing the cation. The energy level of molecules containing such a moiety is tuned by adding substituents -most often the electron donating group methoxyon the phenyls not connected to the rest of the molecule, to destabilize the electronic cloud in the rings. 251 Several of the reviewed hole conductors feature a carbazole as their core moiety, as this group is reported to have good structural and hole transporting properties. 252 A list of reviewed small molecule HTMs together with their associated dye, device parameters and spiro-OMeTAD reference cell efficiency is reported in Table 6 . While a higher current might be due to differences in light absorption profiles between the two dyes, the higher V OC and FF in the latter case is the result of a reduced series resistance (R s ) in the device based on X19. Since conductivity and hole mobility of the two HTM layers should be similar as they are based on the same molecule, it can be concluded that a great role in the R s difference is played by the charge transfer between the dye and the HTM. In their work, Degbia et al. also explored the contribution of the p-methoxy group to charge transport properties of hole conductors by comparing 3b with compound 3a, which lacked the said groups attached to the diphenylamine moieties. The HOMO level of 3a (À4.95 eV) was slightly lower lying than that of 3b (À4.84 eV), but still sufficiently high for good dye regeneration. Despite this, the best cell with 3a had poor parameters, namely a V OC of 860 mV, J SC of 0.32 mA cm À2 , FF of 0.44 and PCE of 0.12%. The authors did not perform any conductivity or hole mobility measurement of the two HTMs but, while a different pore filling cannot be excluded, due to the similar molecular structure they argued that the very low current in the case of 3a was to be attributed to poor charge transport properties caused by the lack of p-methoxy groups. In their aforementioned work, Xu et al. reported on a second carbazole-based HTM, X51. 254 The constituents of X51 were similar to those of X19 but in this case two carbazole units were linked together by the two nitrogen atoms through a biphenyl linker, creating a molecule of almost double molecular weight compared to X19. X51 and X19 had similar hole mobilities of 1.51 Â 10 À4 and 1.19 Â 10 À4 cm 2 V À1 s À1 , respectively. However, once prepared with the additives employed in solar cell fabrication, solid-state films of the former displayed conductivities almost one order of magnitude higher compared to the latter. The higher conductivity of X51 leads to a lower R s in the final device, as it can be inferred by cell parameters resulting in a V OC of 920 mV, J SC of 9.27 mA cm À2 , FF of 0.70 and PCE of 6.0%:
while current values were similar, the V OC and FF of the cell based on X51 were much higher compared to their X19 counterparts. The higher V OC was not the result of a lower-lying HOMO level of X51 compared to X19, as they were placed only 30 meV apart. The device based on X51 was also more efficient than the spiro-OMeTAD-based reference device, which had a PCE of only 5 , FF of 0.48 and PCE of 1.60%. The various parameters were quite different for the two cells but they evened out, yielding a similar PCE value. It is interesting to notice that in the case of compound 1 high cell efficiencies were only reached when a final sublimation purification step was performed on the compound, while in the case of 2a a more common column chromatography final purification step was sufficient. In the same work, Bui et al. also reported on a molecule named 2b, which was similar to 2a but in which the ethyl group attached to the carbazole's nitrogen was substituted with a hexyl one. This modification was not expected to greatly change electronic properties (their HOMO levels were only 50 meV apart), but rather the film-forming properties and molecular packing in the solid state of the two molecules. Device parameters for a cell based on 2b were a V OC of Fig. 22 for their structures). 257 Two of them were asymmetric molecules, with substituted diphenylamino groups attached to only one of the carbazole rings (4b and 4d), while one was symmetric, in which the methoxy groups on the diphenylamino moieties were attached in the ortho position, rather than the usual para one. 4b also featured the two methoxy groups in the ortho The last carbazole-based HTM -5 -developed by Lygaitis et al. had inverted triphenylamino and carbazole groups: the former was used as the core moiety, and the latter as the side one. 258 The best solar cell built with this compound featured a V OC of 850 mV, J SC of 2.00 mA cm
À2
, FF of 0.38 and PCE of 0.63%. Snaith, Robertson and coworkers developed a series of rodshaped HTMs based on two triphenylamine groups linked by a highly linear diacetylene core, namely H-DATPA, Me-DATPA, MeS-DATPA and MeO-DATPA (Fig. 23) . 259 The difference between them was given by the different side-groups attached in the para position to the two external rings of each triphenylamine moiety. MeS-DATPA did not form a uniform film in the device and was therefore discarded, while the other three were analyzed more in detail. As expected, the presence of side groups destabilizes the electronic cloud in the benzene rings, raising the HOMO level, whose values for H-, Me-and MeO-DATPA were À5.33, À5.23 and À5.02 eV, respectively. While hole mobility and conductivity values were similar for all compounds, the presence and nature of side groups greatly influenced their performance in ssDSCs, as seen previously for other compounds. All device parameters were improved when going from H to Me and to MeO side groups. The device fabricated with the first one achieved a V OC of 620 mV, J SC of 0.67 mA cm
, FF of 0.37 and PCE of 0.15%, while for the other two the cell parameters were a V OC of 700 mV, J SC of 1.13 mA cm , FF of 0.65 and PCE of 4.9%, slightly higher than that of the spiro-OMeTAD reference device (4.7%). It is important to notice that the light soaking treatment was only required once, not each time the device was tested. Sun's and Kloo's research groups employed the same molecule -under the name of X1 -in several other publications 41, 183, 260 (see Table 6 for all device parameters) with an efficiency of up to 5.8%, the closest to the related spiro-OMeTAD reference device (5.9%). However, in none of these publications the initial light soaking treatment was mentioned. Building on X1, Sun and coworkers synthesized a series of p-methoxy substituted triphenylamine oligomers. 41 If X1 was composed of two triphenylamine groups linked linearly, with X2 and X3 the number of repeating units was extended to three and four, respectively. X35 also featured four units, but rather than being linked linearly they were connected in a star-shaped configuration, with three groups attached to a central one. Optimized devices showed that there was an increase in performance with increasing number of repeating units. Device parameters for an average of 8 cells for each compound were provided (see Table 6 for champion device details) and were as follows: for X1-based cells Table 6 ). 168 From Sun, Kloo and coworkers came another efficient hole conductor, X14. 260 This molecule was also designed to improve on the X1 HTM and it featured an extended aromatic conjugation, since each of X1's methoxy groups was replaced with an o,p-dimethoxy substituted phenyl group. This substitution shifted the HOMO level by about 200 meV away from vacuum and gave X14 a hole mobility that was double that of X1 when both compounds were doped with LiTFSI. Solar cell performances were similar for the two hole transporting materials, with a small advantage in the case of X14. The best device fabricated with X1 had a V OC of 880 mV, J SC of 9.44 mA cm 
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A solar cell fabricated with a Zn porphyrin dye achieved a V OC of 720 mV, J SC of 4 mA cm
À2
, FF of 0.42 and PCE of 1.21%. Malinauskas et al. have focused their work on the long-term stability of ssDSCs based on spiro-OMeTAD. They discovered that when keeping devices at 60 1C for an extended amount of time, crystalline domains were formed in the initially amorphous spiro-OMeTAD film and they proved that this was a major reason for the poor performance of such devices over time (see Section 4.1 on long-term stability). 246 To overcome this issue, they modified spiro-OMeTAD's molecular structure by introducing elements of asymmetry in order to prevent crystallization. In HTM-1 a methyl group was added in the meta position to only one of the two rings of each of the four diphenylamine side groups. HTM-2 and HTM-3 had more radical substitutions, as one of the diphenylamine group was exchanged with a triphenylamine one. HTM-3 also featured the same methyl groups of HTM- Hirsch, Goubard and coworkers synthesized three starshaped hole transporters based on a triphenylamine core and diphenylamine side groups linked to the core via a thiophene bridge. 263 The difference between 1 (called 1(bis) throughout this review to avoid confusion), 2 and 3 was that 2 and 3 had a methyl substitution on each thiophene bridge, on the inner or outer available carbon, respectively. Methyl substitutions in 2 and 3 appeared to be detrimental as the device with 1(bis) achieved a V OC of 790 mV, , FF of 0.72 and PCE of 7.30%. To conclude this review on small molecule HTMs, Boschloo, Sun and coworkers prepared HT2, a compound based on a fluorene core featuring p-methoxy substituted diphenylamine side groups attached to its two aromatic rings and two p-methoxy substituted triphenylamine groups attached to its central ring. 247 Their best device attained a V OC of 920 mV, J SC of 9.72 mA cm À2 , FF of 0.71 and PCE of 6.35%, only slightly lower than the spiro-OMeTAD-based reference one (6.36%).
Polymers.
The use of polymers in ssDSCs adds a level of complexity compared to small molecules. In fact, it is not enough to develop a highly performing compound, it is also necessary to engineer device fabrication to ensure that the polymer will penetrate the TiO 2 mesoporous structure and thus regenerate the dye throughout the whole device thickness (pore filling will be discussed in greater detail in a following section). Since infiltration of large molecules is challenging, most of the studied polymers are capable of in situ polymerization. Thanks to this processing, monomers can wet the device as easily as other small molecules and -after polymerization -the generally higher conductivity of macromolecules can be exploited. For this reason, in each work of this kind there is as much attention on the polymerization process as there is on the nature and properties of the monomer itself. A summary of the champion devices reviewed in this section is presented in Table 7 , while Fig. 24 contains the structure of the related units.
Kim and coworkers proposed a polymer based on a propylenedioxythiophene monomer, ProDOT. 265 The corresponding polymer,
PProDOT, is similar to the more widely known poly(ethylenedioxythiophene) (PEDOT), but its monomer features a propyl alkyl chain rather than an ethyl one. They used a solid-state polymerization technique, starting with a dibrominated ProDOT monomer, to fabricate devices. This technique is very slow but also very simple. A monomer solution was drop-cast onto the photoanode. After solvent evaporation, the solid monomer was left in an oven at 25 1C for five days to allow for polymerization to spontaneously occur with evaporation of Br 2 gas as a side-product. After covering this assembly with a Pt-coated FTO counter-electrode, a V OC of 630 mV, J SC of 10.0 mA cm À2 , FF of 0.56 and PCE of 3.5% were achieved in the complete device. Zhang et al. showed the performance of PEDOP (poly-(ethylenedioxypyrrole)) in combination with three different dyes, demonstrating that the dye plays a crucial role in the suppression of electron recombination. 200 Photoelectrochemical polymerization Table 7 Photovoltaic performance of organic and inorganic polymeric HTMs in ssDSCs (PEP) was used for the in situ polymerization of EDOP. In this technique, the DSC photoanode is immersed in a solution of the HTM monomer to act as the working electrode in a three-electrode setup. When a current at a suitable potential is run through the device and light is shined on the photoanode, the hole in the HOMO orbital of the excited dye triggers the polymerization of the HTM. With this technique it is possible to achieve electropolymerization of organic compounds at much lower potentials compared to the system where a dye is not present. For this technique to work efficiently, a large enough potential difference between the HOMO of the dye and that of the monomer is required. Device performances were quite different depending on the employed dye, demonstrating once more the importance of a good dye-HTM pairing. The device with the D35 dye was the best-performing one, with a V OC of 825 mV, J SC of 7.99 mA cm
À2
, FF of 0.66 and PCE of 4.34%. The other organic dye, D21 L6, was slightly less performing with a V OC of 645 mV, J SC of 7.92 mA cm
, FF of 0.59 and PCE of 3.05%; while the Ru-based dye proved to be poorly compatible with PEDOP yielding a device with a V OC of 440 mV, J SC of 1.97 mA cm
, FF of 0.53 and PCE of 0.46%. Zhang et al. applied the same PEP technique used for PEDOP to PEDOT as well, again testing the studied polymer in combination with three different dyes. 266 Contrary to PEDOP, which was polymerized from EDOP, PEDOT was polymerized using a bisEDOT dimer, which had a lower redox potential compared to the EDOT monomer. PEP was performed with all three dyes both in organic and aqueous HTM solutions and in all cases the organic solvent proved to be a better medium for polymerization due to changes in redox potentials of both dyes and HTM precursor. The device based on the D35 dye with the PEDOT hole transporting material was slightly more efficient than that employing PEDOP, with a V OC of 830 mV, J SC of 8.19 mA cm À2 , FF of 0.68 and PCE of 4.6%.
LEG4 proved to be the best-performing dye, with a V OC of 910 mV, J SC of 10.80 mA cm À2 , FF of 0.57 and PCE of 5.6%.
Z907 proved to be more compatible with PEDOT than with PEDOP, as a solar cell with the former reached a V OC of 510 mV, J SC of 4.49 mA cm
, FF of 0.66 and PCE of 1.5%. Two years later Zhang et al. also showed that the dye DPP07 is as efficient in combination with PEDOT as LEG4, when they fabricated a device with a V OC of 770 mV, J SC of 11.13 mA cm À2 , FF of 0.65 and PCE of 5.54%. 267 This device was much more efficient than a reference one based on spiro-OMeTAD (2.91%). Wang and coworkers explored the properties of a prepolymerized block copolymer of poly(2,5-dihexyloxy-p-phenylene), PPP and poly(3-hexylthiophene), P3HT. 268 The PPP block helped the PPP-b-P3HT copolymer to self-organize in crystalline domains, which increased the hole mobility of the copolymer significantly
) and, as the authors claimed, provided a more intimate contact with the CYC-B11 dye. The pore filling proved to be similar for both copolymer and P3HT but, thanks to the higher hole mobility and better contact with the dye, the PPP-b-P3TH-based solar cell achieved a V OC of 810 mV, J SC of 8.81 mA cm
, FF of 0.65 and PCE of 4.65%; while those employing P3HT could only display a V OC of 750 mV, J SC of 7.71 mA cm À2 , FF of 0.61 and PCE of 3.53%.
Zhou et al. relied on silanes for in situ polymerization of their hole conductor. 269 The TPDSi 2 monomer was composed of two triphenylamine groups linked together. In the para position to one of the phenyl rings of each group was attached a propyl chain terminated with a silane. The monomer, deposited on the substrate in an inert, glovebox atmosphere, easily infiltrated the titania mesoporous layer. Once exposed to air, the monomer's silane terminations readily underwent crosslinking, creating a rigid and thermally stable structure. It should be noted that, unlike the other reviewed polymers, the backbone of TPDSi 2 is not conductive due to the alkyl chains. 3.21% when sensitized with BzTCA, once more proving that organic dyes are better-suited to work with polymeric HTMs. The best P3HT-based ssDSCs were fabricated by Clément and coworkers. 271 They overcame the typical pore filling issues of P3HT by synthetizing a highly regioregular polymer with medium-range molecular weight and narrow dispersity. P3HT with such characteristics achieved high efficiency in a device with a 2 mm thick titania layer. After HTM deposition and an 
Inorganic hole transporting materials.
Inorganic semiconducting materials are a class of compounds with great potential for energy conversion and transport. To date, many electronic, solar, and energy storage devices have relied on them for efficient operation. 9 They possess good electronic properties, good conductivity and high temperature stability. 63, 80, 124 In the field of dye-sensitized solar cells their use is limited, as only a few of them are soluble in solvents and at temperatures compatible with DSC fabrication. Even fewer have good energy alignment with dyes and n-type semiconductors used in this class of solar cells and it is not as easy to tune their energetics as in the case of organic compounds. The few materials that can be used in ssDSCs have better performances than most organic HTMs, although charge recombination at grain boundaries can prove to be an issue. In Table 8 all the inorganic materials that have been recently studied as hole conductors in ssDSCs can be found. Chung et al. employed the tin-based perovskite CsSnI 3 as a hole transporting material in an N719-sensitized ssDSC. 33 After doping with tin fluoride and engineering the device with ZnO photonic crystals their best solar cell exhibited a V OC of 732 mV, J SC of 19.2 mA cm À2 , FF of 0.72 and PCE of 10.2%. From the IPCE the authors showed that the hole conductor contributed to the cell's photocurrent in the region between 550 and 700 nm. Despite the very high efficiency achieved with this material (the highest among the reviewed inorganic HTMs), CsSnI 3 suffers from high instability as Sn(II) is not the most stable oxidation state of tin at room temperature in air. Peedikakkandy and Bhargava worked on the same material and their best cell attained 3% efficiency. Furthermore, they reported on the degradation mechanisms of CsSnI 3 . 273 Their results showed that the material was stable in an inert atmosphere, but when exposed to air and moisture it first underwent a phase transition to a non-conductive, one-dimensional phase and then oxidation to Cs 2 SnI 6 . Due to the instability of the Sn(II)-based perovskite, Chang and coworkers decided to use the air stable Cs 2 SnI 6 compound as a hole conductor for their cells. 149 This material was used to harvest holes from three differently sensitized photoanodes. The ssDSC sensitized with Z907 yielded a V OC of 571 mV, J SC of 13.2 mA cm À2 , FF of 0.61 and PCE of 4.63%; while that with N719 a V OC of 631 mV, J SC of 14.7 mA cm
À2
, FF of 0.68 and PCE of 6.32%. The best performance was achieved with a mix of dyes, namely N719, YD2-o-C8 and RLC5. Such a device had a V OC of 623 mV, J SC of 16.9 mA cm À2 , FF of 0.66 and PCE of 6.94%. The performance with the dye mix was further increased after engineering the solar cell with ZnO photonic crystals, reaching a V OC of 618 mV, J SC of 18.6 mA cm
, FF of 0.68 and PCE of 7.80%. A sample cell with the Z907 dye proved to be quite stable for 800 h.
Sakamoto et al. worked on copper iodide, which is a wellknown HTM for solar applications. 274 In their study they focused on the influence that the contact materials have on the performance of the drop-cast CuI layer. Results showed that the presence of thiocyanate groups in both the dye and counter electrode was of paramount importance to achieve high efficiency. The variation of the density of SCN groups in the PEDOT:PSS based counter electrode in particular led to devices with an efficiency that was more than double that of the devices without SCN groups. The best ssDSC displayed a V OC of 739 mV, J SC of 14.5 mA cm À2 , FF of 0.69 and PCE of 7.4%. Muhamad and
Mahmood also fabricated devices with CuI using a mistatomization technique, with more modest results. 275 Their best device achieved a V OC of 650 mV, J SC of 3.51 mA cm À2 , FF of 0.46 and PCE of 1.05%. The last reviewed inorganic hole conductor is CuSCN, based on the work of Premalal et al. 276 They doped CuSCN with triethylamine hydrothiocyanate to improve the p-type conductivity of the inorganic material. The precursor solution required an equilibration time of 20 days before deposition in a ssDSC, after which the device achieved a V OC of 578 mV, J SC of 10.52 mA cm À2 , FF of 0.55 and PCE of 3.39%.
3.2.2.3.
Coordination metal complex hole transporting materials. Coordination transition metal complexes are a class of materials that inherits benefits and drawbacks from both organic small molecules and inorganic compounds. They retain the ease of processing of organic compounds but with charge conductivity closer to the inorganic ones, which eliminates the need for p-dopants. More exactly, the p-dopant is embedded in the compound itself and it consists of the same complex with a higher oxidation state of its metal center. Their energy levels are easily fine-tuned by applying changes to the organic ligand or greatly varied by changing the metal center. 277, 278 However, they have the tendency to form crystalline domains in the solid state, either immediately upon deposition or over time. 107, 279 This crystallization may modify film morphology, worsening the contact between the dye or counter electrode and HTM, thus hindering charge transport; or it may create charge recombination sites at grain boundaries. Metal complexes have already contributed greatly to the advancement of liquid DSCs by replacing iodine/iodide as the electrolyte as they have simple, one-step oxidation and reduction processes (thus reducing the driving force needed for regeneration) and are much less corrosive than the latter. To date, all mostefficient liquid DSCs are based on transition metal complex electrolytes. 19, 104, 280 In the field of solid-state dye-sensitized solar cells, however, they have only recently started to be investigated and only a few examples of their application exist. It should be noted, however, that the two best performing ssDSCs employ a metal complex as the hole conductor. Device details of metal complexbased ssDSCs are found in Table 9 , while in Fig. 25 there is a graphical representation of the compounds' molecular structures. Freitag et al. were the first researchers to publish a work on solid-state dye-sensitized solar cells based on a metal complex hole conductor. They used a mix of Cu(I) and Cu(II) coordinated with a phenanthroline-based ligand (Cu(dmp) 2 ). 107 The device fabrication method was similar to that of liquid devices, but instead of sealing the cell after electrolyte injection the solvent was allowed to evaporate in air and then a new injection was performed until the space between the photoanode and the counter electrode was filled with solid HTM. Their best solar cell achieved a V OC of 1010 mV, J SC of 13.8 mA cm À2 , FF of 0.59
and PCE of 8.2%, making it more efficient than the spiroOMeTAD-based reference device (5.6%) and even more efficient than a liquid DSC based on the same electrolyte (6.0% . Although the V OC of this device was slightly lower compared to that of the previous work despite the better dye energy alignment, the improved FF led to a significant increase in efficiency.
Dopants for hole transporting materials.
When it comes to HTM dopants, some confusion exist in the literature regarding their nomenclature, and it is important to make a distinction between additives and proper dopants (p-dopants). On the one hand, additives are compounds dissolved in the HTM precursor solution because they must be applied to the device after dye sensitization, but they do not directly affect the 289 On the other hand, proper dopants are characteristic of solid-state hole conductors and affect them directly by oxidizing a fraction of the material. The partial oxidation of the hole conducting material leads to the presence of vacancies in the solid-state film, which greatly increase hole mobility across the layer and, ultimately, conductivity. 290 For organic compounds and small molecules in particular, which display very low hole mobility in their pristine state, the use of dopants is of paramount importance for the fabrication of efficient devices (vide infra). Compounds with a more positive redox potential with respect to that of the HTM (or strong Lewis acids) act as p-type dopants in HTM layers. Sufficient enough driving force promotes removal of electrons from the hole conductor. All the reviewed dopants have been applied to the spiroOMeTAD molecule due to its role of reference material in ssDSCs but they can also be applied to other hole conductors to increase their conductivity. 264, 291, 292 A summary of reviewed dopants and their effect on spiro-OMeTAD's hole mobility, and device efficiency is given in Table 10 . In Fig. 26 the chemical structures of these compounds are depicted. Burschka et al. prepared for the first time a p-dopant -FK102 -which allowed solid-state dye sensitized solar cells to achieve relatively high efficiencies. 244 Furthermore the compound -which was a Co(III)-based metal complex with three pyrazole-pyridine ligands -was soluble in the HTM precursor solution, simplifying the deposition process. The complex was able to oxidize spiro-OMeTAD and the resulting Co(II) species had a low molar extinction coefficient, which did not interfere with the effective light absorption of the dye. After doping the HTM film conductivity increased from 4.4 Â 10 À5 to
, which in turn improved the average device efficiency from 2.3 to 5.6%. A second measurement after five days resulted in an even greater improvement as the reference cells increased their efficiency to 2.6% and those with the doped spiro-OMeTAD to 6.1%. Two years later Burschka et al. presented two more Co complex p-dopants -FK209 and FK269 -which were synthesized to improve the poor solubility of FK102 in relatively nonpolar solvents like chlorobenzene. 293 In both of them PF 6 À counter-ions were replaced with much more soluble TFSI À ones. Furthermore, FK209 featured a ligand similar to that of FK102 but in which the pyridine was replaced with 4-tert-butylpyridine to increase solubility. FK269 was designed with a tridentate ligand instead, in which a second pyrazole moiety was added to FK102's ligand. This ligand significantly increased the redox potential of the compound (see Table 10 ), making it suitable to oxidize HTMs with a lower lying HOMO level than spiro-OMeTAD. The increased solubility 294 When they added 1.1 wt% dopant to the HTM solution a UV-Vis measurement confirmed the formation of the spiro-OMeTAD + species. They applied pristine and doped hole transporter solutions (without LiTFSI) to ssDSCs obtaining a 3300% increase in efficiency from 0.01 to 0.33%. However, the presence of LiTFSI was required to achieve high efficiency and the two solutions with the added Li salt led to device efficiencies of 4.55 and 5.44%, respectively, confirming the beneficial effect of F4TCNQ doping. Han and coworkers also worked on a Lewis acid, SnCl 4 .
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In their report they showed a figure with the I-V curves of the conductivity measurements without providing any actual number. From the picture itself, however, a B4-fold increase in conductivity can be inferred upon SnCl 4 doping. When a 0.8% doped solution of spiro-OMeTAD was applied to solar cells, an efficiency of 3.40% was obtained as opposed to an efficiency of 2.52% for non-doped devices.
McGehee and coworkers decided to get rid of any p-dopantwhich may alter film-formation or charge transfer properties of spiro-OMeTAD -from the HTM solution by pre-oxidizing the hole conductor itself. 245 They reacted spiro-OMeTAD with two equivalents of AgTFSI to obtain spiro(TFSI) 2 and metallic silver. After purifying the compound, they mixed it with the nonoxidized species in a ratio of 12 mol% to obtain an efficient HTM precursor solution. A solid-state film of this mixture displayed five orders of magnitude increase in conductivity, from 2.00 Â 10 À8 to 1.43 Â 10 À3 S cm À1 -two orders of magnitude higher than what was achieved with Li-induced oxygen doping by Snaith and coworkers. Devices fabricated without LiTFSI (but with tBP) showed an enormous increase in efficiency from nearly 0 to 4.67%, a much greater increase compared to the case of F4TCNQ or SnCl 4 (0.35% efficiency for a SnCl 4 -doped device without LiTFSI). The doping beneficial effect was pronounced also in the presence of the Li salt, when solar cell efficiencies increased from 2.34 to 4.89% upon doping. Xu et al. reported on 1,1,2,2-tetrachloroethane (TeCA), which they defined as a co-solvent, rather than a proper p-dopant. 296 The reason for this is that UV light needed to be shined on the TeCA-containing HTM solution for one minute to allow spiroOMeTAD oxidation to take place. However, the dopant's effect on device efficiency was remarkable with PCEs increased from 3.99 to 6.83%. The most recent work on p-dopants in ssDSCs was published by Sun and coworkers, who studied the effects on spiroOMeTAD of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), another oxidant widely used in organic synthesis. 298 The most notable result of their work is that only a very tiny 0.04% DDQ addition to spiro-OMeTAD was required to maximize solar cell efficiency. Conductivity of the oxidized HTM film increased from 5.31 Â 10 À5 to 2.22 Â 10 À4 S cm À1 and the device efficiency was boosted from 3.50 to 6.37%.
Counter electrode
The choice of counter electrode materials in recent ssDSC literature strongly correlates with the chosen device architecture. Liquid electrolyte-based DSCs were traditionally assembled in a sandwich structure between two glass electrodes. The counter electrode was often platinized to provide good catalytic interfaces for the reduction of the redox electrolyte species. 300 Given that this sandwich design protects the HTM and other active components of the solar cell well, it is still often chosen as a layout for ssDSCs. 301, 302 In 2013, electropolymerized poly(3,4-ehtylenedioxythiophene) counter electrodes (Fig. 27) as a low-cost alternative to the scarce platinum were first presented by Ellis et al. with lower sheet resistance compared to platinized electrodes. 74 Such organic counter electrodes have since been employed in most, especially Cu-based, ssDSCs. 87, 107 By contrast, in a ssDSC layout where the HTM is spin-coated onto the sensitized TiO 2 , metal contacts are commonly evaporated on top of the HTM layer. Such thin layers of noble metals such as Au/Ag not only collect charges from the HTM but reflect unabsorbed photons back into the active part of the cell. 267, 303 Silver contacts generally exhibit stronger light reflection at a lower material cost. Gold contacts, however, excel with chemical stability and higher tolerance of minor defects in the HTM layer, while shunt resistances rapidly arise upon Ag penetration into the HTM layer. 304 A picture as well as a cross-sectional electron microscopy image of a ssDSC employing a vacuum-evaporated gold counter contact was shown above in Fig. 1 308 Margulis et al.
sprayed Ag nanowires on top of a poly(3,4-ethylenedioxythiophene): polystyrenesulfonate layer to obtain 3.6% power conversion efficiency and 3.7% for the reference device with evaporated silver contacts. 309 Early reports indicated that power conversion efficiencies achieved with evaporated gold contacts were matched with pressed graphite. 143 Even gold-coated glass substrates were tested as counter electrodes initially, but no longer pursued due to interfacial issues. 310 
Device characteristics
Stability
Ultimately, any solar cell technology is required to perform over years or even decades of operation to become a feasible investment for customers. To yield any non-negligible returnon-investment (ROI) interest for the investor, the lifetime of any solar cell needs to exceed the payback time for the production cost of the solar cell. 311 However, despite the comparably low production cost of dye-sensitized solar cells, the cells need to, depending on the intended application, sustain a significant period of time to gain market appeal. Therefore, stability testing has become a crucial concern in the development of all emerging photovoltaic technologies. 312, 313 Contrarily to silicon solar cells, no standardized stability testing protocol has been established for DSCs as well as for ssDSCs. Reports can be found in the literature from stability under dark storage conditions to operational stability under full sun illumination, strongly impeding any effective comparison of reported stabilities. Since 2008, the IEC-61646 norm has set the standard testing conditions for common solar cells with temperature cycling between À40 1C and +85 1C combined with performance tracking for 1000 hours. 314 In 2016, new testing protocols were released specifically for testing of, e.g., Si, GaAs, CdTe and other thin film technology solar cells including damp-heat-tests and UV irradiation (IEC-61215-2, IEC-61215-1-2, IEC-61215-1-4). 315 The most common procedure to trace the photovoltaic performance is the so-called maximum power point tracking (MPP).
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Although some studies comply with one of the aforementioned standards, milder testing conditions are commonly chosen for stability testing on a laboratory scale. Specifically, the increasing interest in employing DSCs and ssDSCs to power internet of things (IoT) devices under ambient light conditions does not call for equally robust testing procedures. 102 Solid-state alternatives to liquid electrolyte-based DSCs were developed to circumvent the inherent thermal instability of volatile electrolyte solvents. 317 Electrolytes based on lessvolatile solvents such as 3-methoxypropionitrile were demonstrated; however, they suffered from mass transport deficiencies of the redox species in the more viscous electrolyte or aggregation effects at the TiO 2 /dye/electrolyte interface. 318, 319 Solid-state DSCs are not subjected to such degradation mechanisms in the electrolyte and do thus possess a much higher intrinsic stability compared to their liquid counterparts. Just as in many biological ensembles, failure of a single component in ssDSCs can lead to malfunction. Generally, with the semiconductor metal oxides exhibiting excellent photo-and thermal stability, degradation pathways largely involve the dye molecules and the hole transporting material (HTM). With the bandgap of 3.2 eV in the widely used antase-TiO 2 comes the absorption of UV-photons in the mesoporous layer of the cell. Consequently, high-energy carriers can lead to destructive, irreversible reactions with both absorbed sensitizers and electrolyte/HTM components. 320 The degradation pathway at surface. 322, 323 The variety of ionic dopants (such as Li + ) employed in the most-frequently used spiro-OMeTAD has been shown to draw additional humidity into the molecular ensemble. 324 Different approaches for the geometrical architecture of ssDSCs have been proposed (see Section 2.1). In ssDSCs inspired by the traditional liquid electrolyte 'sandwich' architecture, 107 the active components can be sealed, and will thus not be subjected to (e.g. humidity-induced) degradation as easily as ssDSCs with an evaporated counter contact. 200 carboxymethyl-k-caraageenan 214 and poly(methylmethacrylate)-polyaniline nanotubes. 301 In 2011, Grätzel and coworkers reported ssDSCs with a new cobalt-based dopant for spiro-OMeTAD in C220-sensitized ssDSCs that, employing a 420 nm UV cutoff filter, retained 80% of their initial performance after 40 days under full continuous one-sun illumination at 60 1C. 244 Compelling studies by Malinauskas et al. showed that impurities in the spiro-OMeTAD layer led to the formation of large crystals, which caused complete device failure after 4 hours at 100 1C.
The group instead proposed spiro-derivatives with asymmetric methylation or insertion of phenyl units that impede the crystallization (see Section 3.2.2.1 on organic hole transport materials). Devices based on their methylated spiro-OMeTAD analogue matched the photovoltaic performance of pristine spiro-OMeTAD; however, they kept over 90% of the initial power conversion after 1000 hours at 60 1C, while reference devices based on pristine spiro-OMeTAD degraded to 10% of their performance. Insertion of phenyl units into spiroOMeTAD also led to an increased long-term stability of at least 50% performance after the same thermal stress treatment. 246 Most recently, the group of Kloo and coworkers designed novel D-A-p-A dyes that allowed for preservation of 86% of the initial performance of devices with doped spiro-OMeTAD as the HTM after 170 hours in a dark ambient atmosphere. 118 In 2017, Cao et al. for the first time carried out a long-term stability study on ssDSCs with the performance-leading copper complex hole transport materials. Their devices based on the Y123 dye and Cu II/I (tmby) 2 showed preservation of 85% power output after 200 hours of continuous illumination with a 50 mW cm À2 white LED array. 87 
Types of ssDSC
The power conversion efficiency of any photovoltaic device is ultimately limited by the intrinsic Shockley-Queisser limit, which was estimated to be around 33.7% in 1961. 114 Briefly, in a single-junction power conversion device, only photons above the bandgap energy of the light absorber can be absorbed. However, for photons of even higher energy, the excess energy with respect to the bandgap of the photoabsorber (sometimes called overpotential) cannot be utilized and is dissipated. In order to obtain a high photovoltage, a largebandgap material should be chosen. However, high-bandgap solar cells suffer from transmittance losses as many photons below the bandgap energy cannot be converted to photocurrent. Detailed derivations and calculations on the conversion limits of photovoltaic cells were reported by Jacobsson et al. as well as Alharbi et al. in 2015. 331, 332 In order to ultimately overcome the Shockley-Queisser limit, multijunction devices (or their subparts) have recently been investigated for ssDSCs and will be reviewed in the ensuing sections. Additionally, photon-upconversion materials are drawing increasing interest of the scientific community and, while implementation in all-solid-state devices is still awaited, first results on liquid-electrolyte DSCs are reported. [333] [334] [335] [336] 4.2.1. p-Type solid-state DSCs. The vast majority of research contributions in ssDSCs (as well as their liquid counterparts) employs the n-type semiconductor titanium dioxide as the photoanode material due to its low material cost, high carrier mobility and moderately good impurity tolerance. 337, 338 Occasionally, even sensitized zinc and tin oxides have been reported as photoanodes. 141, 339, 340 In the development towards heterojunction tandem ssDSCs (see ensuing Section 4.2.2), the sensitization of p-type semiconductors as porous photocathode materials has been investigated. The power conversion mechanism in p-type cells is essentially different from that in n-type ssDSCs and is shown in Fig. 28 In multi-junction solar cells, several light absorbing sites contribute to the power output of the cell. Through a combination of two variant bandgap materials, the photoresponse of the device can be extended to a broader spectral range and transmittance losses thus minimized. The reader is referred to the works of Jacobsson et al. for more general derivations. 331, 347 The photoresponse of DSCs can be easily tuned by choice of sensitizers and therefore adjusted for tandem devices. One exemplary cell layout is schematically drawn in Fig. 28 . Photoanodes and photocathodes with n-type (such as TiO 2 ) and p-type semiconductors (such as NiO), respectively, can be sensitized with dyes of different spectral absorption to maximize the light harvesting in the solar cell. The V OC of the cell is then the energetic offset between the Fermi level of electrons in the conduction band of TiO 2 and the Fermi level of holes in the valence band of NiO. Therefore, the theoretical Shockley-Queisser limit can be raised to 42% power conversion efficiency. used semi-transparent indium-doped tin oxide contacts to stack two n-type ssDSCs. They sensitized the bottom cell with squarine-B1, the top cell with Z907 and deposited spiro-OMeTAD as the HTM on both cells. Upon parallel connection of the cells, they recorded a 3.1% power conversion efficiency, which matched combined conversion of the two subcells. 
Light absorption enhancement.
Light absorption by components in the redox mediator has shown to impede the photovoltaic performance of liquid-electrolyte DSCs. 352 In particular the photocurrent density suffers from competitive light absorption since the number of photons available for power generation at the dye/TiO 2 junction is reduced. Additionally, reverse transfer of excited charge carriers can inhibit efficient power generation. 352, 353 Besides the moderate redox potential, strong competitive light absorption was one of the reasons that led to the development of redox mediator alternatives to iodide/ triiodide. 86, 354, 355 For solid-state DSCs, however, studies indicate that the addition of photoactive compounds can lead to an increase in, specially, photocurrent density. Electrons excited in the HTM matrix can be transferred to the TiO 2 -adsorbed dyes through Förster resonance energy transfer. 356 In 2010, Mor et al. demonstrated a light harvesting enhancement for a squaraine-sensitized TiO 2 device upon addition of a pyran dye component to the spiro-OMeTAD hole transport material. 357 Unger et al. resolved the Förster resonance energy transfer contributions to the incident-photon-to-current conversion efficiency of the photoactive hole transport material tris(thienylvinyl-thienyl)triphenylamine in squaraine-sensitized ssDSCs. 358 Grätzel and coworkers employed the absorbing poly(3-hexylthiophen-2,5-diyl) hole transport material to increase the photocurrent density of a YD2-porphyrine-sensitized ssDSC to 12.1 mA cm À2 , however, with potential losses with respect to the spiro-OMeTAD device. 
Outlook
The ignored challenge with all emerging solar cell technologies is that they lack the stability that established technologies have; this is the largest hindrance towards their entrance into society at large. Further, in most of these systems, the development and knowledge curve of the photo-absorbing material has reached a mature state where only incremental improvements are expected for the future. The development of new charge transfer (redox mediators, HTMs, electron transport materials) systems are still far behind the efforts and understanding, which were made to develop new sensitizers or any other component of the DSCs. Large knowledge gaps still exist in the adjacent charge selective and transporting materials. Hence, it is important to address several challenges, including fundamental understanding of how various charge transport materials in solid state facilitate charge transfer and how they can be tuned to obtain ideal energy alignments in the photoelectrochemical device. Simultaneously, the new materials must be stable, easily processable, and prepared from sustainable sources of materials. Careful matching in energy alignments of panchromatic sensitizers, in combination with the new charge transporting materials with higher conductivity and charge mobility, will lead to increased charge collection efficiency and more stable hybrid solar cells.
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